The primary DNA processing protein for conjugative mobilization of the plasmid R1162 is the transesterase MobA, which acts at a unique site on the plasmid, the origin of transfer (oriT). Both MobA and oriT are members of a large family of related elements that are widely distributed among bacteria. Each oriT consists of a highly conserved core and an adjacent region that is required for binding by its cognate MobA. The sequence of the adjacent region is important in determining the specificity of the interaction between the Mob protein and the oriT DNA. However, the R1162 MobA is active on the oriT of pSC101, another naturally occurring plasmid. We show here that MobA can recognize oriTs having different sequences in the adjacent region and, with varying frequencies, can cleave these oriTs at the correct position within the core. Along with the structure of the oriTs themselves, these characteristics suggest a model for the evolution of this group of transfer systems.
R1162 is a small, broad-host-range plasmid that can efficiently utilize the conjugative pore encoded by self-transmissible, IncP-1 plasmids, such as RK2 and R751 (20) . Transfer requires a cis-acting site, the 38-bp origin of transfer (oriT) (Fig. 1) , as well as three R1162-encoded proteins (7, 8, 11) . The most important of these is MobA, which cleaves one of the DNA strands at nic within oriT (5) . MobA and two accessory proteins assemble at oriT to form the relaxosome (18) . In order for MobA to bind properly to oriT DNA, base pairing within the AT-rich region must be significantly disrupted, with adjacent DNA, making up the inner arm of the inverted repeat ( Fig. 1) , remaining in duplex form. Within the relaxosome, strand separation extending from the AT-rich region is initiated by the interaction of the DNA with the Mob proteins (23) . The extension of this disruption through nic is required for strand cleavage, a transesterification in which MobA becomes covalently joined to the 5Ј end of one strand by a tyrosyl phosphodiester linkage (18) . After transfer of the cleaved strand, the circular plasmid is reformed and the protein is released by a second transesterification, in which the 3Ј-OH end of the DNA is the entering nucleophile. In this reaction, the AT-rich region and cleavage site are single stranded, so localized disruption of duplex DNA is not required, and base pairing between the arms of the inverted repeat restores sufficient duplex character to the adjacent DNA (6) . Thus, the outer arm of the inverted repeat is required for termination of transfer, but not for initiation (14) .
Overall, the plasmid pSC101 is unrelated to R1162, but the two encode very similar MobA proteins (15) . The oriTs of these plasmids have a 12-bp region, containing nic and the AT-rich DNA, with almost identical base sequences (Fig. 1 ). Since this region is highly conserved in the oriTs of other plasmids as well (below), we call it the oriT core. In contrast, the sequence and size of the DNA making up the inverted repeat are significantly different. Despite these differences, the R1162 Mob proteins are active on the pSC101 oriT, whereas the pSC101 proteins are unable to process the R1162 oriT for transfer (15) . These results indicate that, although the two relaxases are matched with their own oriTs, there is sufficient flexibility to allow an effective but nonreciprocal interaction between a Mob protein and a noncognate oriT. In particular, inverted repeat DNA with a different sequence is tolerated by the R1162 MobA. This observation has prompted us to ask whether there is relaxed sequence specificity in the binding of the R1162 MobA to the DNA making up the inverted repeat region of oriT. Our results, along with other observations about related proteins and their putative oriTs, suggest a model for the evolution of the R1162 family of mobilization systems.
MATERIALS AND METHODS
Plasmids, strains, and bacterial mating. Plasmid DNA was isolated from MV10 (13), a derivative of the Escherichia coli K-12 strain C600, or DH5␣ (Invitrogen). R1162⌬mobA contains a 525-bp, in-frame deletion in mobA. It was derived by digesting R1162 DNA with PflMI. The plasmid R1162⌬oriT contains a 48-bp deletion that removes oriT but not the adjacent promoters (16) .
Bacteria were mated on semisolid medium as described previously (4). The recipient strain was a C600 derivative resistant to nalidixic acid. Transconjugant colonies were selected on medium containing nalidixic acid (25 g/ml), ampicillin (100 g/ml), and 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-Gal) (0.008%). In addition to the test plasmid (Fig. 2) , donor strains contained the mobilizing plasmid R751 (20) and either R1162 or pUT1621 as a source of Mob proteins. R1162 is naturally occurring; pUT1621 consists of the mob genes of pSC101 cloned in the vector pACYC184 (15) .
Construction of a library of oriTs containing different sequences for the inner arm of the inverted-S repeat. The partially degenerate oligonucleotide GCCCA AGCTTATGGAAGAA(N) 10 TAAATGCGCCCTGCCCTTTTGGCAATTGG GCCC (25% of each base in the degenerate region) was amplified with the primers GCCCAAGCTTATGGAA and GGGCCCAATTGCCAAAAG. The product was then digested with HindIII and MfeI and cloned into a pBR322 derivative (2) by replacement of a HindIII-MfeI lacO fragment. After transformation of MV10 containing either R1162⌬oriT or R1162⌬mobA, dilutions of the cells were plated on medium containing ampicillin and X-Gal to estimate the number of transformed cells and to determine the fraction of these which formed white colonies and were therefore likely to contain a recombinant plasmid with a cloned oriT. There were about 20,000 transformed cells for each recipient, and about 95% of these contained recombinant plasmids. In each case, the pooled transformants were grown to mid-log phase in 100 ml of 170 tryptone-0.5% yeast extract-0.5% NaCl containing 100 g of ampicillin/ml and 25 g of streptomycin/ ml, and the plasmid DNA was isolated from cells by the cleared lysate method of Clewell and Helinski (9), modified as described previously (23) . The DNA was dissolved in 10 l of 50 mM Tris HCl, 5 mM EDTA, pH 8.
For tailing with T4 polydeoxynucleotidyl terminal transferase, 1 l of the cleared lysate DNA was added to 39 l of H 2 O, boiled for 3 min, and then quickly cooled in ice water. The reaction mixture consisted of this DNA made up to 50 l of a solution (approximate pH 7.9) containing 20 mM Tris-acetate, 50 mM potassium acetate, 10 mM magnesium acetate, 1 mM dithiothreitol, 0.25 mM cobalt chloride, 0.4 mM dGTP, and 10 U of terminal transferase. Incubation was at 37°C for 30 min and then 70°C for 10 min. The DNA was precipitated and then amplified with the primers GGAAATGTTGAATACTCATACTCTTC (complementary to the vector) and CCCGAATTCCCCCCCCCC (partially complementary to the tailed DNA and introducing an EcoRI site). The amplified product was digested with HindIII and EcoRI and cloned into pUC19 (22) . We transformed this DNA into E. coli strain DH5␣; colonies containing recombinant molecules were identified by plating on medium containing 0.008% X-Gal and 0.16 mM isopropyl-␤-D-thiogalactopyranoside. Plasmid DNA was then prepared from individual transformants for DNA sequencing by the facility at the University of Texas.
MobA protein-DNA binding assay. The R1162 MobA protein is covalently joined at the carboxy-terminal end to the plasmid primase (19) . The part of the protein required for mobilization was purified by affinity chromatography as previously described (3). The pSC101 MobA was prepared by the same method except that the entire protein was purified, since it is not naturally fused to another protein. The oligonucleotides used in the binding assay were TTCTGA ACGAAGTGAAGAAAGTCGAAGTGCGCCCTGATTTTTGGGAATTC (top strand) and TTCTTCACTTCGTTCAGAAACGTGCGCCCTTCATTTTG GGAATTC (bottom strand). Samples consisted of 20 pmol of 5Ј-32 P-end-labeled oligonucleotide and 23 pmol (pSC101 MobA) or 28 pmol (R1162 MobA) of purified protein together in 40 l of buffer (50 mM Tris [pH 8], 50 mM NaCl, 0.5 mM EDTA, 15% glycerol). After several minutes at room temperature, the samples were loaded on a 10% polyacrylamide gel and the bands were visualized by autoradiography after electrophoresis.
Primer extension to detect nicking within the relaxosome. DNA was prepared from cleared lysates as described above. One-tenth of this DNA was digested with AatII, which cleaves the DNA at a single site, downstream from the nick site in the direction of primer extension. The digested DNA was mixed with 20 pmol of primer and 10 nmol of each deoxynucleoside triphosphate in 20 l of Qiagen PCR buffer. Primer DNA was extended by incubation with 2.5 U of Taq DNA polymerase for 35 thermal cycles (each cycle consisting of 1 min at 94, 58, and 72°C). The samples were then mixed with 5 l of running dye containing 95% formamide and boiled for 5 min. Radioactive fragments were separated by electrophoresis through an 8% polyacrylamide-urea gel and were visualized by autoradiography.
RESULTS AND DISCUSSION
The MobA of R1162 can form a functional relaxosome with oriTs having inner arms with many different base sequences. The core sequences of the R1162 and pSC101 oriTs are the same except for a single base difference (Fig. 1) . Indeed, the core is identical for pSC101 and RSF1010, a plasmid virtually identical to R1162 (19) . It is therefore the remaining oriT DNA, which makes up the inverted repeat, that determines the specificity of the interaction with the Mob proteins. Since the R1162 mobilization proteins are functional with the pSC101 oriT, they can recognize the inverted repeat DNA of this oriT. One possibility is that the structure of the (imperfect) hairpin loop formed by the inverted repeat determines specificity, because it is required for termination of a round of transfer. The structure has some importance, because in a MobA-based phage recombination assay single base mutations in one arm of the inverted repeat are suppressed by second-site mutations restoring base complementarity within the hairpin loop (4). To test this possibility, we examined transfer-dependent recombination for plasmids containing two directly repeated copies of FIG. 1. The oriTs of R1162 and pSC101, showing for each the location of the cleavage site (nic) (reference 8 and unpublished results), the core DNA, the AT-rich region, and the inverted repeats (horizontal arrows).
FIG. 2.
Test for initiation and termination of transfer in the presence of the pSC101 or R1162 Mob proteins. The general structure of the test plasmid is shown at top, with the direction of transfer indicated by the arrows. Transconjugant colonies were scored for blue or white color on selective medium containing X-Gal. The white colonies contained recombinant plasmids due to initiation of transfer at oriT (1) and termination at oriT (2) . In each case, the fraction of these was determined for two independent experiments (approximately 300 to 400 colonies scored for color), and the average value is reported.
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on July 11, 2017 by guest http://jb.asm.org/ oriT. Transfer of the intact plasmid results in the formation of blue transconjugant colonies on media containing X-Gal, due to titration of the lac repressor in the recipient (4). However, when transfer is initiated from oriT(1) and terminated at oriT (2) , the colonies are white. No recombinants were formed in the presence of the pSC101 Mob proteins when the R1162 oriT was present at either the initiating or terminating position (Fig. 2) . Thus, the sequence of the inner arm DNA, either as duplex or as formed by the inverted repeat, is in itself an important factor in determining MobA specificity. How much variation in the sequence of the oriT inner arm is tolerated by the R1162 MobA? We amplified by PCR an oligonucleotide containing the oriT core sequence but degenerate for the inner arm of the inverted repeat (see Materials and Methods). We constructed a collection of plasmids having oriTs with different base sequences for the inner arm by cloning the PCR product into a derivative of pBR322. We could not simply test the resulting plasmids for mobilization, since the oriTs in general would not form an inverted repeat and thus would not terminate correctly. Instead, we identified those plasmids with oriTs that could be cleaved at nic in the relaxosome.
The plasmid library was used to transform the E. coli strains MV10 (R1162⌬oriT) and MV10 (R1162⌬mobA). We then pooled the transformants in each case, cultured these cells, and prepared plasmid DNA by a method that allows the isolation of both nicked and supercoiled molecules (23) . The DNA was denatured, tailed with terminal deoxynucleotidyl transferase and dGTP, and amplified by PCR (Fig. 3) . Molecules cleaved at the nick site will result in an amplified fragment of approximately 300 bp, depending on the size of the tail. In fact, the fragments will all be nearly the same size, since the repeated cycles of synthesis can result in shortening but not elongation of the poly(dG) extension. Randomly located nicks will also be tailed, but after PCR these will result in fragments of different sizes rather than a discrete band.
A PCR product consisting of approximately 300-bp fragments was obtained when plasmids from MV10 (R1162⌬oriT) were used as template in the reaction (Fig. 3A, lanes c and d) . No distinct bands were observed for plasmids from the MV10 (R1162⌬mobA) strain (Fig. 3B, lanes a and b) . Thus, the amplified band is the result of nicking at oriT. We cloned the PCR product and then sequenced the oriT DNA in several of the recombinant molecules. We could determine unambiguously from the sequence whether the poly(dG) tail originated from nic or from some other site in the DNA. Although about a third of the molecules had poly(dG) tails originating at unexpected positions within the oligonucleotide, probably the result of extension from randomly nicked strands, most were located at the nick site. Moreover, the sequence of the inner arm DNA varied significantly for different clones ( Table 1 ). The variation was not the same at each position in the arm; in particular, the bases at positions 4, 6, 9, and 10 were predominantly A, A, G, and G, respectively. We also determined the sequence of the cloned DNA for eight, randomly chosen colonies from the original library, prior to enrichment of the nicked population by tailing and PCR (Table 1) . These sequences showed variation in the bases at positions 4, 6, 9, and 10. Thus, the conserved bases in the tailed population reflect the base sequences that allow nicking within the relaxosome. Interestingly, positions 4 and 6 are within the sequence AGAAA that is conserved for both the pSC101 and R1162 oriTs. The bases adjacent to the core, at positions 9 and 10, also seem to be important, but on the other hand they are not the same for the two oriTs.
Although these results do not indicate the efficiency of nicking in each case, they do suggest that oriTs with a variety of different sequences for the inner arm DNA are potential targets for nicking by the relaxosome. To show that these sequences in fact support an active relaxosome, we cloned oriT DNA fragments similar to those in the degenerate library but having one of the putative active sequences for the inner arm. Cleared lysates were made as before, and then nicking was assayed by primer extension. Nicking was detected in all but one case (Fig. 3B) , although as expected the efficiency of this cleavage varied. We conclude that different sequences for the inner arm can support cleavage within oriT.
The oriTs in the R1162 mobilization family have a highly conserved core, but very different inverted repeats. Naturally occurring plasmids encoding a protein similar to MobA, and also having a putative oriT similar to that of R1162, have been obtained from different bacteria. A sample derived from a search of GenBank and selected to indicate the diversity and range of the group is shown in Table 2 . The core sequence within the oriT-like DNA is highly conserved, but the inverted repeat next to the core, while always identifiable, varies considerably in sequence, size, and potential folding structure. In addition, the distance between these putative oriTs and the gene encoding the MobA-like protein varies from 49 to 264 bp. While some of the inverted repeats are obviously related (for example, those of pDN1 and RSF1010), it seemed likely that others had originated independently, despite the high degree of conservation of the core DNA. We supposed that the inverted repeat region formed on several different occasions in unrelated DNA by duplication and inversion of DNA containing the core. For some of these plasmids, a closer examination of the sequences adjacent to the oriTs supports this idea.
If the inverted repeat is formed by inversion, then in some cases part or all of the highly conserved core sequence would also be duplicated. Evidence for this duplication is shown in Fig. 4 . In the plasmids pSC101, pP, and pXF5823, part of the core, GTGCGCCC, is present in the inverted orientation. Plasmids pKJ36 and pK50, both derived from Bifidobacterium longum, have oriTs with inverted repeats that are clearly different from those in the first group of plasmids, but again both show evidence for ancestral duplication and inversion of the core. In these plasmids, the duplicated core is intact, but there is a deletion in the remaining DNA in one of the two arms. The plasmids pKJ36 and pKJ50 show similarities in the sequences of their oriTs and might have been derived from a plasmid with the same initial inversion. A final example is pMRC01, from Lactobacillus lactis. Here there are several point mutations in one of the core sequences and a small deletion in the adjacent DNA.
Model for evolution of the R1162 mobilization family. Our observations lead us to propose that a family of related conjugative transfer systems was created by the acquisition, on several separate occasions, of a transesterase and its recognition sequence, consisting of core and adjacent duplex DNA (Fig. 5) . These elements might have been involved in transfer of the chromosome or in some other function requiring strand cleavage, such as site-specific recombination. Possibly the core segment and adjacent DNA were acquired first, with the relaxase protein active in trans. Initially, these elements would result in inefficient plasmid transfer, since there would be no mechanism for stabilizing the plasmid in the recipient except by recombination with the chromosome or with other preexisting plasmids. Inversion of the DNA adjacent to the core would result in a substrate suitable for recircularization of the plasmid after transfer, and those inversions most able to form Table 1 ) for wild type (a), 16-1A (b), 2B-13 (c), 2A-17 (d), and 2B-20 (e). The bands in panel c were delayed in entering the gel and, thus, appear to migrate more slowly, because urea in the well was not removed completely before loading the sample.
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a hairpin loop would be selected. The relaxase would become adapted by selection to the particular sequence determined by the inverted repeat, resulting in the gain of some degree of specificity of the protein for its oriT. Since in many cases duplication and inversion of the DNA would involve the core itself, both strands of the plasmid DNA might become susceptible to cleavage by the cognate MobA. As the system becomes more efficient, the probability of simultaneous cleavage of both strands would increase and this could destabilize the plasmid, for example, by impairing processes such as plasmid replication. Therefore, mutations resulting in inactivation of one of the sites would be selected. In pSC101, five base pairs have been deleted from one of the duplications, and this results in the failure of either the pSC101 or R1162 MobA to bind the DNA (Fig. 5) .
In R1162 and pSC101, oriT is oriented so that the relaxase gene is transferred last (14) , and this also seems to be true for most of the plasmids listed in (Table 2 ). In the case of pMRC01, pKJ36, and pKJ50, it is not possible to infer the direction of transfer, since the core is conserved in both orientations. The relative orientations of oriT and mobA in R1162 are required neither by the system of mobilization nor by other aspects of the biology of the plasmid. We have successfully inverted the R1162 oriT, or placed it at a new location, without any significant effect on the frequency of transfer (reference 16 and unpublished data). However, the R1162 system for mobilization is already very efficient. This would probably not be the case, at least at the termination step, for a system where the oriT had been newly created by inversion. When the nascent inverted repeat and the relaxase gene are closely linked in the direction of transfer, they will be better able to coevolve toward greater efficiency because they will be coinherited most often. Because the inverted repeat part of the core is transferred last, selection will also place the relaxase gene at the end of transfer.
Our interpretation does not account for the accessory proteins MobB and MobC, also part of the R1162 relaxosome. Even for similar MobA proteins, the presence or absence of accessory proteins is a variable and unpredictable feature of each relaxase. For example, despite the similarity of the pSC101 and R1162 MobA proteins, there is no MobC homolog present in the pSC101 relaxosome (15) . In contrast, a MobClike protein is encoded by the mobilization system of plasmid pTF1, but a protein similar to MobB has not been identified for this plasmid (12, 17) . We believe that these accessory proteins became secondarily associated with the relaxase because they enhanced the interaction of MobA with the newly generated oriT, whereas in other cases mutations in the MobA gene itself accomplished the same purpose. However, it is possible that the accessory proteins allow the R1162 MobA to recognize a broader range of oriTs, as indicated by our results. By assisting in the melting of oriT, MobC could permit a looser fit between MobA and its DNA target. We might expect mobA-like genes on the chromosome and putative oriTs on plasmids lacking the relaxase gene. A protein similar to the R1162 MobA (E ϭ 9eϪ10) is encoded by Xanthomonas axonopodis pv. citri (10) . The gene is designated mobL, and while this organism has two plasmids, mobL is located on the chromosome. Although there at least two corelike sequences in the X. axonopodis chromosome, neither is adjacent to mobL and both lack an adjacent inverted repeat. Similarly, the linear chromosome of Agrobacterium tumefaciens strain C58 encodes a MobA-like protein (21) . In this case, there is an adjacent core, separated from the gene by 56 bp, but no inverted repeat. We would not expect the selection of an inversion, since the parent element is linear.
We can also identify putative oriTs on plasmids that do not appear to encode a relaxase. Some of these plasmids are listed in Table 2 . It is likely that at least some of these elements are involved in mobilization. The plasmids pSK41 and p21kb have identical putative oriTs, located within a 41-bp segment that has nearly 100% sequence identity, but only pSK41 encodes a recognizable relaxase. The two plasmids are not related by simple deletion; although they have several large regions of nearly identical sequence, approximately 200 bp on either side of the 41-bp oriT-containing segment, p21kb shows little relatedness to pSK41 DNA. The conservation of oriT as a "patch" suggests that it has been selected during the evolution of the plasmid.
Among the putative oriTs listed in Table 2 , subfamilies made up of very similar members can be identified. For example, the oriTs of R1162, pDN1, pIE1115, pIE1130, and pAB6 have inverted repeats with very similar sequences, and it is reasonable to assume that they were derived by horizontal gene transfer and recombination. As a group, however, the elements in Table 2 do not have a consensus base sequence apart from the core. This indicates that plasmids acquired the ancestral nicking elements on different occasions. Either the DNA adjacent to the core in these elements does not need to have a specific sequence, or there is a family of these elements, each with a different sequence for this adjacent DNA. The relaxed specificity of the R1162 MobA and the imperfect hairpin loops for the oriTs in Table 2 favor the first possibility.
Several of the plasmids in Table 2 have more than one putative oriT, arranged either in direct or inverted orientation. Multiple oriTs could arise by duplication of the element, or by Tailed at nic site wt Plasmids with putative oriT but no identifiable relaxase 
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on July 11, 2017 by guest http://jb.asm.org/ the acquisition of two unrelated oriTs. It is likely that both mechanisms have occurred. For example, the two directly repeated oriTs of pEFR show no sequence similarity apart from the core, whereas the oriTs of pCRL291.1 are all surrounded by tracts of DNA having similar sequences. When mobilization is inefficient, molecules containing multiple oriTs will be selected. If the oriTs are cleaved by different relaxases, then the probability of transfer, and possibly the host range of the plasmid, will be increased. Even when the oriTs are functionally the same, the benefits of more than one oriT could outweigh the difficulties of simultaneous cleavage of both strands, or termination at the wrong oriT, possible problems when transfer is efficient. Recently, the relationship between conjugative transfer and type IV secretion has been emphasized (1). However, there has been little effort to understand the origin of the proteins involved in the DNA processing required for mobilization. We propose here that the oriTs of the R1162/RSF1010 mobilization family were derived by duplication and inversion of a conserved recognition sequence for a protein involved in single-strand cleavage. The protein could be part of a mechanism for horizontal gene transfer of the chromosome, with rescue of the incoming DNA by recombination, or it could have been derived from some other DNA processing activity in the cell. Once the duplication became fixed on the plasmid, it became part of a potent mechanism for transfer of plasmid DNA and became disseminated among other species of bacteria. 
